Silicon Ingot Quality and Resulting Solar Cell Performance  by Gibaja, Fabien et al.
 Energy Procedia  38 ( 2013 )  551 – 560 
1876-6102 © 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the scientifi c committee of the SiliconPV 2013 conference
doi: 10.1016/j.egypro.2013.07.316 
ScienceDirect
SiliconPV: March 25-27, 2013, Hamelin, Germany
Silicon ingot quality and resulting solar cell performance
Fabien Gibajaa*, Til Bartela, Matthias Heuera, Oliver Grafa,
Martin Kaesa, Fritz Kirschta
Calisolar GmbH, Magnusstraße 11, 12489 Berlin
Abstract
This paper demonstrates that the electronic properties of a multicrystalline solar ingot can be used to predict the
performance of solar cells manufactured from it. The lifetime and trap density are measured on as-cut bricks and are
used to define a single metrological parameter termed Q- . The Q-Factor scales with the performance of over
a dozen ingots cast from experimental Solar-Grade Silicon. It has the unit of a lifetime and relates to the minority
carrier lifetime at cell level. It is argued that the measurement of electronic properties of Silicon at brick level is a 
sensitive probe for contaminations and can be considered as complementary to a chemical analysis. It can predict the 
performance potential of the brick with the added advantage of being sensitive to the crystallization quality.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the scientific committee of the SiliconPV 2013
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1. Introduction
Predicting the performance of solar cells at an early stage of processing has been the subject of some
interest in academic and industrial research. Early testing alleviates the burden of evaluating new or 
experimental feedstock and may avoid costly processing of inferior material. Typically, manufacturers of 
Solar Grade Silicon feedstock (SoG-Si) qualify their products by controlling contained chemical
impurities. However, the electronic activity of some impurities may be dependent on their chemical
configuration or their physical distribution in the crystal (complexes with other impurities, solved in the
matrix or clustered). The electronic properties of cast silicon represent a natural probe for these effects 
and it is thus logical to use them as a measure for the quality of the feedstock. Indeed, previous studies 
have evaluated the structural and electronic quality of wafers by optical inspection, by lifetime, trap 
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density or photoluminescence measurements [1-7]. However, a quantitative interpretation of 
measurements at brick level comparing a large variety of feedstock materials was not published in the 
literature to date.  
The Silicor Materials R&D facility called Calisolar GmbH and based in Berlin, evaluates a number of 
experimental SoG-Si feedstocks by casting the material into ingots and processing them into solar cells. 
The opportunity of such an R&D environment was seized to measure the electronic properties of a 
selected brick from each ingot before further processing. Together with tracked cell processing, these 
measurements represent a unique data set correlating the chemical purity of the feedstock, the electronic 
properties at brick level and the cell results. 
In earlier publications, the lifetime alone has been reported to allow a qualitative prediction of the solar 
cells performance within the measured brick [4]. However, also trapping has been found to be an 
indicator for cell performance [2,7]. For this reason, a Quasi-Steady-State PhotoConductance (QSSPC) 
block tester is used in this paper to measure the lifetime and the trap density simultaneously. Both 
parameters are then tentatively compounded into a single quality factor Q which is compared to the 
performance of the solar cells. This Q-Factor should satisfy two conditions: (1) measurement performed 
at brick level should be simple and rapid and (2) for a given cell processing sequence, the Q-Factor 
should give a quantitative prediction of the cell performance across different ingots. 
2. Samples and measurement procedure 
Experimental SoG-Si feedstocks produced by Silicor Materials using simplified purification processes 
were cast into fifteen multicrystalline ingots (270kg) using an industrial GT furnace located at the Berlin 
R&D location. All casts used the same setup and crystallization recipe. The minority-charge-carrier 
lifetime and the trap density  was measured by QSSPC using a BCT300 block tester by Sinton 
Consulting on the same selected centre brick of all cast ingots. An injection density of 1E15/cm³ was 
chosen for the evaluation of the lifetime and . The software automatically corrects the lifetime for 
trapping effects using the light bias method and decouples the bulk lifetime from surface effects using a 
transfer function to hold an estimated bulk lifetime   [1]. This eliminates the need for surface 
passivation of the bricks. Measurements were recorded in steps of 1 cm along three parallel lines as done 
in [1] on all four sides of the selected brick resulting in about 300 measurement points per brick (see also 
Fig 5).  
To evaluate the performance potential of the experimental material, solar cells were produced from the 
selected bricks by using a standard screen print metallization process. Wafer sequence and assignment to 
a brick height was ensured by laser marking every wafer. The open circuit voltage (Voc) and the short 
circuit current (Jsc) as well as their product Jsc x Voc are preferred as performance indicators since 
efficiency is typically more sensitive to process variations. A card-shuffled reference was co-processed 
with all runs and the Jsc and Voc were corrected in order to eliminate bias due to process improvements or 
variations. 
To measure the lifetime on cells, a limited set of cells was etched back to remove the metallization, 
reflective coating and both P and Al diffused layers. The etched back cells received an iodine-ethanol 
surface passivation and were measured using a QSSPC setup (WCT by Sinton Consulting). 
3. Cell performance vs electronic properties of silicon bricks  
The normalized cell performance of the analyzed bricks stemming from 15 casts using experimental 
SoG-Si is shown in Fig 1a. The performance profile is typical for cast silicon: low performance at the 
base due to crystal nucleation, highest performance in the bottom and slowly degrading performance with 
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increasing height and a final drop-off at the very top due to increase of structural defects and segregation 
of impurities. The profiles in Fig 1 are color coded according to their performance average. The average
performance of the ingots scales with the chemical contamination as measured by ICPMS and SIMS (not 
shown).
The lifetime and trap density of the same 15 bricks are plotted in Fig 1b and c. While a trend towards 
better performance is observed for a higher lifetime and lower trap density, neither lifetime nor trap
density alone seem sufficient to reliably differentiate the performance of the ingots. Additionally, the
performance trend from bottom to top of the bricks does not obviously correlate to the lifetime and trap 
density. Even when correcting the lifetime for the effect of interstitially solved iron (not shown), a
correlation of profiles could not be recovered as was previously reported [4]. A possible cause may be 
related to additional getterable impurities such as Cu and/or Ni stemming from the crucible [8].
To maximize the sensitivity of the measurements to the feedstock quality, measurement points
dominated by casting induced defects and impurities in particular iron - are eliminated by dropping data 
points stemming from the bottom 50 mm and above 200 mm. The median value of the remaining data
points was computed to yield single cell parameter values, lifetime and trap density for every ingot. In the
following the correlation of these parameters with regards to Voc and Jsc is explored.
3.1. Voc vs lifetime and trap density
The open circuit voltage (Voc) of a solar cell is directly impacted by defects in the bulk material, with
particular sensitivity to defects in the depletion region of the p-n junction. It is thus expected that both 
lifetime and trap density should show a correlation to this parameter. Unfortunately, the net doping also
strongly impacts the Voc. Since for the ingots tested here, the resistivity was re-targeted between 1-3 cm,
the resulting differences in net doping dominate the Voc and need to be corrected. The voltage potential
of the junction is related to the net doping according to
, (1)
where kT/q is the thermal energy in eV, is the intrinsic charge carrier concentration and the 
injection density (itself proportional to the cell lifetime). is extracted from the resistivity measurement 
conducted by the QSSPC and Eq (1) is evaluated at a set to compute a doping
independent (d.i.) . Here is the change in expected due to the difference in doping
according to Eq (1). 
Fig. 1. (a) Performance profile of center bricks from 15 ingots cast from experimental SoG-Si. (b,c) Corresponding lifetime and
trap density profiles.  The profiles are color coded according to their average cell performance. Dotted lines at 50 and 200mm 
indicate the integration limits for the Q-Factor.
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Fig 2 a and b plot  as a function of lifetime and trap density. Trapping is clearly detrimental to the 
Voc above trap densities of ~5E13/cm³ which emphasizes the relevance of this parameter.  No clear trend 
emerges for the lifetime indicating that it is not dominating Voc as may have been expected from the 
injection dependency of Eq 1. 
3.2. Jsc vs lifetime and trap density 
The short circuit current (Jsc) of a solar cell is expected to relate to the lifetime of the base material in 
(locally) diffusion length limited solar cells. To explore whether this relationship also holds for a lifetime 
measured at brick level, it was found advantageously to group the single measurements into two 
categories: measurements weakly affected by trapping and measurements having a strong trapping 
signature. 
For measurements binned into the group, the lifetime measured at brick level seems to 
impact the Jsc while trapping does not affect the cell parameter in this group (Fig 3 a and b). A high 
traps  (Fig 3c and d), trapping dominates the Jsc while the lifetime is no longer an indicative parameter. 
For the results presented here, this confirms that lifetime and trap density are indeed independent figures 
of merit and that both need to be taken into account for satisfactory results. Empirically, the 
discrimination between yielded good results between 3E15/cm³ to 7E15/cm³ 
and a critical trap density 5E13/cm³ was chosen. This value also coincides with the trap density threshold 
observed for the Voc in Fig 2b. For an interpretation of this threshold see section 3.5. 
Fig. 2 The Voc corrected for doping effects plotted against (a) lifetime and (b) trap density. A trend is observed for trap 
densities above 5E13/cm³. Every point represents the median value of one brick. 
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3.3. Definition of the Q-Factor 
The lifetime is widely accepted figure of merit and it is a central parameter for the simulation of cell 
performance. However, as shown in the previous sections, the lifetime and the trap density measured at 
brick level by QSSPC are necessary to properly evaluate the performance potential of the material. To 
still make use of the established concept of lifetime, the Q-Factor is given the unit of a lifetime in the 
following definition. 
Various lifetime and trap density combinations were tested to achieve the best correlation of the Q-
Factor with cell results. For instance, the measured lifetime was tentatively corrected with regard to the 
trap density, interstitial iron profiles or compensation. These steps came at the cost of introducing 
additional complication without significant improvement to the final result. To maximize the ease of use, 
a simple definition of the Q-Factor was preferred. 
At low trap densities, i.e for Nt < 5E13/cm³, the lifetime at brick level is considered a valid indicator 
for the brick performance. For high trap densities, i.e. Nt > 5E13/cm³, trapping will determine the 
performance. The underlying idea is that the concentration of lifetime limiting defects at cell level is 
Fig. 3 Jsc against lifetime and trap density for measurements with trap densities below 5E15/cm³ (a,b) and above 
5E15/cm³  (c,d).  Jsc scales with the lifetime for measurements not affected by traps (a), while Jsc scales with the 
trap density when trapping is high (d). 
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related to the concentration of traps at brick level. To compare the trap density with the lifetime 
measurement, a trap related lifetime is postulated as 
,          (2) 
where  is a constant with the dimension of a capture cross section and  is the thermal velocity. The 
condition of continuity between  and   demands that  must hold at the critical 
trap density. From this condition, =2E-17cm² is found.  
Summarizing the Q-factor is obtained as follows: 
Ǧ .    (3) 
Fig 4a plots the median Q-Factor against the median cell performance expressed as the product of Jsc 
and . For simplicity the median of the Q-Factor and of the cell performance are referred to as the Q-
Factor and the performance in the following. A good correlation between the Q-Factor and the 
performance is observed for all ingots tested. For , the performance prediction error for the 
ingots measured is below 2%. For a brick with 17% efficiency this corresponds to about 0.3% absolute.  
It should be noted that although a large amount of experimental material types was studied, it is not 
representative of all the types of feedstock available on the market. Due to the specific purification route 
chosen, the feedstock evaluated contained variable concentrations of the same set of impurities. Material 
from a different purification chain may contain other impurities that may or may not be detectable at brick 
level using the method presented here. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4b plots the lifetime of a set of etched-back cells passivated with an iodine-ethanol solution. The 
cells stem from 5 bricks with the same symbols as in Fig 4a. While measurements on single cells are not 
directly analogous to median values at brick level, it allows a qualitative comparison. The Q-Factor nicely 
reproduces the performance drop off at low lifetime values (diffusion length limited solar cell) and 
mimics its tendency to saturate as lifetime increases. As such the electronic properties of the brick 
summarized in the Q-Factor are demonstrated to be indicative of the resulting lifetime at cell level. 
  
Fig. 4 (a) Median Q-Factor showing a good correlation with performance across 15 ingots (b) the lifetime 
measured on etched back cells from selected ingots (same symbol) shows a trend similar to the Q-Factor. 
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3.4. Interpretation
It comes as a surprise that the electronic properties of bricks prove to be indicative of the final cell 
performance since only a small fraction of the wafer area is sampled (the QSSPC probes a few mm in 
depth) and the electronic properties of the wafers are known to change during cell processing. A tentative
explanation is given in the following.
Sampling:
Local variations in the measurement are considered first. From Fig. 1b and c it is seen that the trap
density and the lifetime profiles are of similar shape for all tested ingots. This indicates a reproducible
crystal structure when studying the same brick of every cast. The Q-Factor also shows a good correlation 
with the cell performance, confirming that the chosen sampling is sufficient. The question remains, how a
measurement on the surface of the brick can reflect the inhomogeneous structural quality of a
multicrystalline material?
Usually, the profiles shown in Fig 1 are reproduced with some minor scatter on every face of the 
brick. In some cases however, extreme local variations are observed. They are expected to mimic the
inhomogeneity of the multicrystalline material inside the brick. Fig 5 presents a brick with large
scattering. As an example, measurements at brick height of 160 mm are discussed: the lifetime ranges 
between 33μs and 170μs within face C ( ) and the trap density ranges between 6E11/cm³ on face C ( ) 
and 6E13/cm³ face B ( ). In this particular case, the measurement on a single brick face would 
incorrectly predict performance potential of the brick (e.g. poor for face B, excellent for face C). The
electroluminescence image (EL) of the corresponding solar cell is shown in Fig 5c. Measurements that
Fig. 5 (a) lifetime and (b) trap density for a brick selected due to the unusually large inhomogeneity of its electronic properties. (c) 
electro luminescence image of a cell stemming from this brick at 160mm (highlighted by the dotted boxes in a and b). The wafer 
area which is sampled at brick level is indicated by rounded squares.
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showed low trap densities on the brick correspond to even, bright areas of the EL picture (eg. corner 
measurements of face C). A high trap density is seen to generally correspond to dark structures in the EL 
(in particular face B). This is in good agreement with literature showing that structural defects are 
necessary for high trapping to occur in multicrystalline material [9]. 
For the inhomogenous cell shown here, the edges give a fair representation of the material mix over 
the entire wafer. Clearly, if the material happens to be of good quality on the edges but contains a large 
dislocation cluster in its center, a measurement limited to the surface of the brick is bound to be 
erroneous. Fortunately, such clusters often move laterally through the brick with increasing height, 
eventually becoming available to measurement at brick level. This limits the direct correlation with cell 
performance profiles and could explain remaining noise in Fig 4a. 
 
Electrical activity of defects at brick and cell level:  
Assuming the same crystal structure, the chemical purity of the feedstock may impact the electronic 
properties of multicrystalline Si in two ways: by decoration of macroscopic defects (grain boundaries or 
dislocation clusters) or by creation of point defects in the Si matrix. The former may lead to the locally 
defined darker structures as visible in Fig 5c, while the latter may evenly degrade the bulk of the material. 
Areas in the EL image of Fig 5 exhibiting strong contrast are assigned to decorated structural defects 
[9,10]. A qualitative correlation with the trap density measured at brick level is observed and areas with 
even contrast usually show trap densities well below the critical trap density of 5E13/cm³, but this 
remains the focus of further study. 
Two factors thus impact the measurement of the Q-factor and of the cell performance: the structural 
quality of the cast ingot and the number of electrically active impurities. Various levels of impurity 
concentration are expected to be the driving force behind differences in the Q-factor on the studied ingots 
since casting recipe was kept constant and the same brick was chosen. Two types of electrically active 
impurities are found at brick level a) defects that will be gettered, passivated or deactivated during cell 
processing and b) defects that will not be impacted by the cell process and remain active. 
 
Getterable defects: By limiting the data collected to areas not affected by in-diffusion from the 
crucible (above 50mm from the bottom) or back-diffusion from the top (below 30mm from the top), the 
impact of getterable defects from the crucible is minimized. As long as these getterable impurities, mainly 
Fe but potentially all elements with sufficient diffusivity (e.g. Cu, Cr, Ni) are not imported from the 
feedstock in sufficient quantity to quench the lifetime to below a few μs, the Q-Factor may remain 
sensitive to the impurities active after the cell process. 
Ungetterable defects: For the feedstock tested in this paper, the Q-Factor correlates well with the 
chemical purity through increased trap densities. In this interpretation, trap states themselves do not limit 
the lifetime at brick level, but are merely indicators of ungetterable defects present in the material. It is 
further argued that below the critical trap density defined in this paper, the concentration of ungetterable 
defects is too low to limit the cell performance. Only in this case, the measured lifetime at brick level is a 
valid indicator for the material quality. Above the critical trap density, traps are indicative of high 
concentrations of point defects (single impurity atoms or clusters thereof) or extended crystal defects that 
will limit the cell performance as proposed earlier [7]. Even if the some traps may still be caused by 
getterable defects (such as Fe [11]) or defects that do not act as a recombinative center, trapping seems to 
remain sensitive to ungetterable defects in the materials studied here. Clearly, if the feedstock contains 
high amounts of getterable defects that also act as trapping centers, the Q-Factor method will not be 
applicable. 
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Summarizing, a measurement at the surface of the brick is usually sufficient to extrapolate to the 
material inside the brick if all faces are measured. The Q-Factor is found to be sensitive to ungetterable 
defects when brick areas dominated by highly mobile impurity species are excluded. To some extent, 
local electronic properties of the brick may relate directly to the quality of the solar cell, but best results 
are obtained when values are averaged over the entire brick. 
4. Summary 
In this paper, a simple and fast method is proposed that relates electronic properties of as-cut silicon 
bricks to the performance of solar cells made from them. The method defines a single metrological 
parameter, termed Q-Factor computed according to Eq (3) from the charge carrier lifetime and the trap 
density measured using the QSSPC method.  The measurement should be limited to areas not dominated 
by mobile defects (starting 50mm from the bottom up to about 80% of the brick height was found 
appropriate). The Q-Factor is given the unit of a lifetime and was found to predict the brick performance 
to within 2% error over fifteen different casts for a given cell process sequence. Further investigations are 
needed to understand the cause of trapping and its relationship to deleterious recombination centers in 
silicon before and after the cell process.  
The applicability of this method to evaluate different types of feedstock and/or crystallization recipes 
remains to be demonstrated. But it expected that the results presented in this paper will help to evaluate 
silicon bricks before further processing, thus saving time and reducing costs.  
Acknowledgements 
This work was supported under BMWi grant KF2794102AG2. 
References 
[1] R. A. Sinton, T. Mankad, S. Bowden, N. Enjalbert, "Evaluating silicon blocks and ingots with quasi-steady-state lifetime 
measurements", EUPVSC (2004). 
[2] N. Enjalbert et al., "Automated in-line control of electrical parameters on large dimension mc-Si wafers on industrial scale", 
20th EUPVSC, Barcelona (2005). 
[3] Fast method to determine the structural defect density of  156x156 mm² wafers  
[4] Impact of defect distribution and impurities on mc silicon cell efficiency  (2003) 
[5] Luminescence imaging for inline characterisation in silicon 
photovoltaics -RRL 5, 131 (2011) 
[6] Jonas Haunschild, Markus Glatthaar, Matthias Demant, Jan Nievendick, Markus Motzko, Stefan Rein, Eicke R. Weber,  
Quality control of as-cut multicrystalline silicon wafers using photoluminescence imaging for solar cell production
Mat. 94, 2007 (2010) 
[7] Martin Schubert, Willhelm Warta, Prediction of Diffusion Length in Multicrystalline Silicon Solar Cells From Trapping 
Images on Starting Material , Prog. in PV 15, 331 (2007) 
[8] T. Buonassisi, A.A. Istratov,  M.D. Pickett, J.-P. Rakotoniaina, O. Breitenstein, M.A. Marcus, S.M. Heald, E.R. Weber, 
Transition metals in photovoltaic-grade ingot-cast multicrystalline silicon: Assessing the role of impurities in silicon nitride 
crucible lining material  
[9] P. Gundel, M.C. Schubert, W. Warta Origin of trapping in multicrystalline silicon J. Appl. Phys. 104, 073716 (2008) 
560   Fabien Gibaja et al. /  Energy Procedia  38 ( 2013 )  551 – 560 
[10] A.R. Peaker, V.P. Markevich, B. Hamilton, G. Parada, A. Dudas, A. Pap, E. Don, B. Lim, J. Schmidt, L. Yu ,Y. Yoon, G. 
Rozgonyi,  Recombination via point defects and their complexes in solar silicon PSSa 209, 1884  (2012) 
[11] D. H. MacDonald, Ph.D. thesis, The Australian National University, 2001 
